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No process that violates the conservation of separate lepton numbersl

has ever been observed. Such processes are forbidden in the minimal

standard mode12 of electroweak interactions; their observation VOU ld

indicate the need for new physics. In many extensions to the standard

modelr3 decays that do not conserve muon number, such AS u’” + e+y, are

allowed. The theoretical rates for these ptocesses generally depend upon

tlnrletermined parameters like mixing angles and heavy-particle masses. ‘l’he

existing experimental uppel limits for these rates provide model-dependent

constraints on [hese parameters.

The best present experimental upper limit for the hlnnching ratio fol”

P’ ) e+”,. is~

n
r(p + + (**Y)

~(?y = “--; ““- <1.7 x 10”1[’ (w)% (;.l,. ).
r(p + ..’VQ)
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The Crystal Box detector, shown in Fig. 1, consists of 396 NaI(Tl)

crystals, 36 plastic scintillation hodoscope counters, and a cylindrical

drift chamberb surrounding a thin polystyrene target in which the muons

from a 26-MeV/c beam stop and decay at rest. There is m applied maRnetic

“lastic scintillation veto counters covering thefield. . regions upstrwm

and downstream of the hodoscope counters are not shown

Positron trajectories are measured vith the duift chamher.

scintil]ators at-e used to distinguish positrons and photons

and to provide a positron timing signal with a resolution of

in the figure.

The plastic

in the trigget

290 p~ (FUlltl).

The lime of arrival of photons at the Nal(’11) is measured vith a resolution

ot 1.2 I]S (FWHH). The photon is assumed 10 originatp funm the intersection

nf the positron trajectory vifh the tarRet pli!ne, thP photnn conversion

po ill t is dele-minrxl hy ttw rlistrihu! ion nf thr unergy rfrpns:tion among I 11P

NaI(Tl) crystals. The I“eso li!t ion ill ~(, Y is domimited hy the uncertainly ill

t I](1 phnl 011 convels i OH point; I 11(’ I.PSOIIII ion Iutlrl ion at 1Hoo f“all 11P

(Sllalil(’l(il izwl I)y ,1 FWiiM01 ‘1°. TIItI m(’,l!;ut c(I (*11(*1I;y I o!:() 1II 1 i OH iI 1 Y) M(IV i!:

Al{/It [1% (FVIIM).

Murh rnlc vas t,~kcw to ralihl,ltv o,lrh 1)1 rlI.1 d(ltwtot

,l:;.y~ll.(i lhe stnhility 01 the.so till ihl;ll i[llls thlouKhout tile

t’)(illlll) Itt,

lll(-ii!:ll I“ID(I

,Il)!iollllll

Tll(’

I“lysl,lls

thr st;ll]i lily 0[ t.lle elwlgy meflslllrn,~llts vith 111{s

to hr ronstnnt to Iwltrl 111,1111).’)Z Ihl”:)llgllolll

wr:”gy is knnvn t o In’ [ 1Pi 111;111fl. ;J’)x.

,11 (’ ;1 r{) i 11(’i[ltlll[.r v i Illill ~‘) 11!; 01 ,1 “ptl!: : I I 011 1111;1111 ,1111 “ ,Illfl illl ,Ill)plI: i I II

“1111 (1[ 011 [lllil(llillll” . A p(l:~illoll IIII,Id:,IIIl 11,1:: d lIodo::ropfL ,I~Iu~ltII :;ip,tl,ll III(I

m{)l{’ 111,111![) H[’V 111’l]{)sil~~[l ill llItI N.II(TI) i II I Ilil I qllil(ll .1111, A 1)11111 1~11
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quadrant has at least 30 t4eV in the NaI(Tl) wilh no discriminator signal

from the hodoscope or veto scintillation counters for that quadrant. The

5 ‘1 (average) with a duty factormuon stopping rate vas typically 4 X 10 s

betveen 5% and 10%. During the course of the experiment, approximately 107

triggers were recorded.

The data analysis requirps events to satisfy a number of additional

criteria designed to eliminate the vast majority of the triggers and to

l“etain for suhsequtint analysis all good D -’ e+y events and an appreciable

sample of inner hremsstrahlung events and random cninritlences. t?arh pk.oton

candidate has to deposit less lhall ~m~5 Mel) ill the 1.27 cm thick

scintillator it travet.ses .mi call have no drift t-hamhel” Lrack [hat points

[n the photon conversion pnillt i n the NnI(Tl). ‘

scintillator discriminator signitl 01 Iler than tlli? ()!le

qlladrant. The e’ c,mdidate Ims to IIAVV a tri-ick in [he dl

tlrtjecrory tha[ illturserfs Ihc fnl~ur planP willl iIII AIIHl(~

hete ran he II()

i n the posil :-on

fl clhtmher with a

flleatel” tllilll {“.

Illis

l),~ilk

1)[1

111,111.y
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fit to the random background and a gaussian line shape for lhe coincidence

events, but it is also a gored representation of &teY for evenrs vith

E+P > 115 tleV. The curve is rounded by the differing losses of efficiency

for the mmy detector elements in the coincidence logic for large lhcPY1.

To estimate the number of u + ey events in the data sample we employ

the maximum likelihood method. The likelihood function is defined to hed

where N is the total number nt evc?nts, Ney (NTB) is the estimate of the

number of IJ “~ ey (P + eyvv) events, and NR - (N Ney NIB) is the number

of events due to random hark~rolmds. The vector ;! has components eey,

at eyl Ee , and E P, [j, ,md R tire the normalized prnhiil?ility distl-ihutinlls
Y“

f(}r p } ey, inner I]rcms:+ll;llll[lllg, nll(l I nndorn I)ackgruund c!vellt s,

respectively. m+ best eslimal~’s

IIItJ likcllillood Iunrtioll 101 posilive

The Atey hel!.lviol. Of t?il~h distr

A HOIIIP (l~r ltJ I)logrilm is US(!CI I o

01 N(!Y all(l N1n ,11(: those that maximixo

dolvl. mine Lilt! (1(’p(~llfl1211L’6+ of P illl[l 1) 011
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maximum likelihood method to determine separately the number of muon inner

bremsstrahlung and p + ey events.

Figure 3 shows the normalized likelihood function. The function peaks

at N1B=347!I t 80 and Ney=Oi There is an additional uncertainty in ‘IB ‘f

~30(1 due to uncertainties in the shape of the random timing distribution

under the coincidellce peak; this uncertainty does not affect NeY. ‘IB

agrees reasonably well with the 3960 f 90 inner brensstrahlung events

expected in the ciata. The number of inner hremsstrahlung events is very

sensitive to the absolut~ energy measurement scale; a 2X change in the

NaI(Tl) gain would imply a factor of two change In the expected number of

muon inner bremsstrahlung events. The agreemenl also verifies our

understanding OK the muon flux, the acceptance and detection efficiency of

the apparatus and the shapes of the prnbal]ility distributions.

The likelihood function tiistlihut.inri implies NeY < 11 e“~ents ((~(M

C.L.). Using lhc numbet’ of muons stopped il~ the target, 1.35 x 1(X

dllling the live time of I.lIe (~xpelimcllt, the apparatus accel?tance [ol.

P + ey, (). 1[)5, ilnd tile detection et’firieilcy, ().565, we ol)t~in

WC l]nvc suh,jcctcd Lhe data III iI Illiml){!i 1) 1 ::yxlumat ir CllPcks. ‘h!

m(’;lslll”ed opening ;IIINIv illl(l cnrl”~y ::p[’(.11,1 Icil IIM? ill I im~ aml I,llldom ovrul:.

XKIPC with the Monte (:;lrlo sp(’1l. l. ‘Imllc’ ,l~l”(~rmf~ll I i !: (Inmon:; t I.;I I (v! i II

k’i~. 2(1) d) WIIOI”(l Itlc spWtril 1[)1 e Py’ L’ “’1’1 q I(JI III() (lml:I ~Ie rompalrd

10 111P Spcctl”a lfIr the ,li)plopl”i,ll~l :;um I)! I illl(loIll!4 ,Illd Iloll Lv (:,11” 1 [) 101

II ) (i y~~ . ‘III(’ no I md 1 i Z;I1 I (111 1(11 111(’ 1,111(’1’ !.pt’rllil ~11(’ I ilk(~ll I I [)111 111(1

milximilm I ikrl ill(~~}[l I it , (Iollxi::l{llll 1“1’!:1111!: ;1I“(* ohl ,1il)(vl I 01” ($;1(,11 1)1
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sevsral data subsets including data with the positron in a particular

quadrant, data taken vith different instantaneous muon stopping rates, and

data taken early or late in the run.

As examples of theoretical constraints imposed fIy our result, we show

how this new value of J$eY limi Ls the parameters in a composite model and

in supersymrnetric theories. Using the formula of Tomozavag for the wass of

the constitue~,ts of muons and electrons, where the m~lon is taken !r be a 2S

excited state of the electron, Buey can be combined ..ith BPeYy10 to yield a

lover limit on the mass of the coilstituents of 5.3 X 108 GeV. In broken

supersymmetric theories,ll whet-e the symmetry is broken by gravity,12 the

mass of the supersymmetric partner of the muon must he greater than 36 GeV.

In both cases, the mass limits vary as [E$eY~-l’/l.

In summary, we see no evidence for the family-nonconserving decay

I.I + ey al a level of 4.9 x 10 ‘1 (90% (:.14.). m upper limit for Il)e

branching ratio for this deray has impl.overl Ilparly three orders nl”

magnitude since 1110 advent of “mrsnll fnctorirs”m We [!xpcct a furtflel-

imptovemen L i LI the :;ensitivity I)y ;I [;IcI(II ot 500 in aII Upromillg

(~xperimellt.l ‘

l’hel-e are a gr(’at ltli~!l~ pGOplP VI1O rontrihu

!!(ICCC. S:; ()!. thlu experiment. It is impr)ssib

lIeIx> but we do vaIlt to acknowledge LIIe uxtiao~(i

P(I in il ma,jo!. vily to I II(S

c to list them lildivid(ially

nal”y assistanr(’ we had lrom
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Fig. 1. A schematic diagram of the Crystal Box Detector.
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Fig. 2. Spectra from 68% of the data sample for

US zd in the likelihood analysis. (a) The

relative timing betveen the posil:ron and the

is the fit to these data with a gaussian for

for randoms. The dashed line is the random

(b-d) The distributions of ee,f, Ee, and E
7

each of the quantities

distribution of htev, t’le

photon. The solid curve

v + evvv plus a quadratic

background in tne fit.

The curves are the sllm,“

of Honte Carlo spectra ror II + e~)v md random spectra obtained f~om

out-of-time events.



Fig. 3. The normalized likelihood function plotted as a function of the

number of inner bremsstrahlung ●vents and the number of u+ + ●+y

even ts. The projected distribution on the Ney-Likelihood plane is

also shown.


